12 United States Patent

Ho et al.

US008439312B2

(10) Patent No.: US 8,439,312 B2
45) Date of Patent: *May 14, 2013

(54) SYSTEM AND METHODS FOR
SIMULTANEOUS MOMENTUM DUMPING
AND ORBIT CONTROL

(75) Inventors: Yiu-Hung M. Ho, Palos Verdes Estates,
CA (US); Jeffrey A. Kurland, Rancho
Palos Verdes, CA (US); David 8.
Uetrecht, Palos Verdes Estates, CA (US)

(73) Assignee: The Boeing Company, Chicago, IL
(US)

(*) Notice: Subject to any disclaimer, the term of this

patent 1s extended or adjusted under 35
U.S.C. 154(b) by 874 days.

This patent 1s subject to a terminal dis-
claimer.

(21) Appl. No.: 12/141,832
(22) Filed: Jun. 18, 2008

(65) Prior Publication Data
US 2009/0078829 Al Mar. 26, 2009

Related U.S. Application Data

(63) Continuation-in-part of application No. 11/778,909,
filed on Jul. 17, 2007, now Pat. No. 7,918,420.

(51) Int.Cl.
B64G 1/26 (2006.01)
B64G 1/10 (2006.01)

(52) U.S.CL
USPC. e 244/169; 244/158.8

(58) Field of Classification Search .................. 244/169,
244/158.8, 170, 164, 171, 171.1, 171.2;
701/13

See application file for complete search history.

Noith
= = ?0
24 24
30 :7 . iﬁ
\ +
2810 ' Or—28
36

28~10 ; Of-28

(56) References Cited

U.S. PATENT DOCUMENTS

4,767,084 A 8/1988 Chan et al.
5,284,309 A * 2/1994 Salvatoreetal. ......... 244/135 C
5,443,231 A 8/1995 Anzel
5,806,804 A * 9/1998 Goodzeitetal. .............. 244/169
5,810,295 A 9/1998 Anzel
5,984,236 A 11/1999 Keitel et al.
6,015,116 A 1/2000 Anzel et al.
6,042,058 A 3/2000 Anzel
6,340,138 B1* 1/2002 Barskyetal. ................. 244/165
6,435,457 Bl 8/2002 Anzel
6,439,507 Bl 8/2002 Reckdahl et al.
6,921,049 B2* 7/2005 Fowell ...........oooeeiiinnnnn, 244/164
7,918,420 B2 4/2011 Ho
2011/0144835 Al 6/2011 Ho
OTHER PUBLICATIONS
USPTO Office action for U.S. Appl. No. 11/778,909 dated May 26,
2010.
(Continued)

Primary Examiner — Tien Dinh
(74) Attorney, Agent, or Firm — Yee & Associates, P.C.

(57) ABSTRACT

The present system and methods enable simultaneous
momentum dumping and orbit control of a spacecrait, such as
a geostationary satellite. Control equations according to the
present system and methods generate accurate station-keep-
ing commands quickly and efficiently, reducing the number
of maneuvers needed to maintain station and allowing sta-
tion-keeping maneuvers to be performed with a single burn.
Additional benefits include increased efficiency in propellant
usage, and extension of the satellite’s lifespan. The present
system and methods also enable tighter orbit control, reduc-
tion 1n transients and number of station-keeping thrusters
aboard the satellite. The present methods also eliminate the
need for the thrusters to point through the center of mass of
the satellite, which 1n turn reduces the need for dedicated
station-keeping thrusters. The present methods also facilitate
completely autonomous orbit control and angular momentum
control using.
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SYSTEM AND METHODS FOR
SIMULTANEOUS MOMENTUM DUMPING
AND ORBIT CONTROL

CROSS-REFERENCE TO RELATED
APPLICATION

This application 1s a continuation-in-part of application
Ser. No. 11/778.,909, filed on Jul. 17, 2007, now U.S. Pat. No.
7,918,420, 1ssued on Apr. 5, 2011, the entire contents of

which are hereby incorporated by reference.

BACKGROUND

1. Technical Field

The present disclosure relates to station-keeping for syn-
chronous satellites.

2. Description of Related Art

With reference to FIG. 1, a synchronous satellite 10 orbits
the Earth 12 at a rate that matches the Earth’s rate of revolu-
tion, so that the satellite 10 remains above a fixed point on the
Earth 12. FIG. 1 illustrates the satellite 10 at two different
points A, B along 1ts orbit path 14. Synchronous satellites are
also referred to as geostationary satellites, because they oper-
ate within a stationary orbit. Synchronous satellites are used
for many applications including weather prediction and com-
munications.

Various forces act on synchronous satellites to perturb their
stationary orbits. Examples include the gravitational effects
of the sun and the moon, the elliptical shape of the Earth and
solar radiation pressure. To counter these forces, synchronous
satellites are equipped with propulsion systems that are fired
at intervals to maintain station 1n a desired orbit. For example,
the satellite 10 illustrated 1n FIG. 1 includes a plurality of
thrusters 16.

The process of maintaining station, also known as ““station-
keeping,” requires control of the driit, inclination and eccen-
tricity of the satellite. With reference to FIG. 1, drift 1s the
cast-west position of the satellite 10 relative to a sub-satellite
point on the Earth 12. Inclination 1s the north-south position
of the satellite 10 relative to the Earth’s equator. Eccentricity
1s the measure of the non-circularity of the satellite orbit 14,
or the measure of the variation in the distance between the
satellite 10 and the Earth 12 as the satellite 10 orbits the Earth
12. Typically, satellite positioning, and 1 some 1instances
satellite orientation, 1s controlled from Earth. A control center
monitors the satellite’s trajectory and issues periodic com-
mands to the satellite to correct orbit perturbations. Typically,
orbit control 1s performed once every two weeks, and momen-
tum dumping 1s performed every day or every other day.

Current satellites are either spin-stabilized or three-axis
stabilized satellites. Spin-stabilized satellites use the gyro-
scopic elfect of the satellite spinning to help maintain the
satellite orbit. For certain applications, however, the size of
the satellite militates 1n favor of a three-axis stabilization
scheme. Some current three-axis stabilized satellites use
separate sets of thrusters to control north-south and east-west
motions. The thrusters may burn a chemical propellant or
produce an 1on discharge, for example, to produce thrust.
Alternatively, the thrusters may comprise any apparatus con-
figured to produce a velocity change 1n the satellite. The
north-south thrusters produce the required north-south
change 1n satellite velocity, or AV, to control orbit inclination.
The east-west thrusters produce the required combined east-
west AV to control dnit and eccentricity. As the cost of
satellite propulsion systems 1s directly related to the number
of thrusters required for station keeping, 1t 1s advantageous to
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2

reduce the number of thrusters required for satellite propul-
sion and station keeping. Further, propulsion systems have
limited life spans because of the limited supply of fuel
onboard the satellite. Thus, 1t 1s also advantageous to reduce
fuel consumption by onboard thrusters so as to extend the
usable life of the satellite.

SUMMARY

The embodiments of the present system and methods for
simultaneous momentum dumping and orbit control have
several features, no single one of which 1s solely responsible
for their desirable attributes. Without limiting the scope of
this system and these methods as expressed by the claims that
follow, their more prominent features will now be discussed
briefly. After considering this discussion, and particularly
after reading the section entitled “Detailed Description™, one
will understand how the features of the present embodiments
provide advantages, which include a reduction 1n the number
of maneuvers needed to maintain station, increased elficiency
in propellant usage, reduction 1n transients, tighter orbit con-
trol, which has the added benefit of reducing the antenna
pointing budget, a reduction 1n the number of station-keeping
thrusters needed aboard the satellite, elimination of any need
for the thrusters to point through the center of mass of the
satellite, thus reducing the need for dedicated station-keeping,
thrusters, and the potential to enable completely autonomous
orbit and angular momentum control.

In one embodiment of the present methods of simultaneous
orbit control and momentum dumping in a spacecrait, the
spacecrait includes a plurality of north/south thrusters having
negligible thrust components in the x-z plane. The method
comprises the steps of generating a set of firing commands for
the north/south thrusters from solutions to inclination control
and roll/'vaw momentum dumping equations, and firing the
north/south thrusters according to the firing commands.

In another embodiment of the present methods of simulta-
neous orbit control and momentum dumping in a spacecratt,
the spacecrait includes a plurality of east west thrusters hav-
ing negligible thrust components out of the x-z plane. The
method comprises the steps of generating a set of {iring com-
mands for the east/west thrusters from solutions to driit and
eccentricity control and pitch momentum dumping equa-
tions, and firing the east/west thrusters according to the firing
commands.

One embodiment of the present system for simultaneous
orbit control and momentum dumping of a spacecrait com-
prises a spacecrait including a plurality of north/south thrust-
ers having negligible thrust components in the x-z plane. The
system further comprises means for generating a set of {iring,
commands for the north/south thrusters from solutions to
inclination control and roll/yvaw momentum dumping equa-
tions.

Another embodiment of the present system for simulta-
neous orbit control and momentum dumping of a spacecrait
comprises a spacecrait configured to orbit Earth 1n a geosta-
tionary orbit. The spacecrait 1s further configured to autono-
mously control a position of the spacecrait relative to a fixed
point on Earth. The spacecraft comprises a spacecrait body,
and a plurality of north/south thrusters associated with the
spacecrait body. The north south thrusters have negligible
thrust components 1n the x-z plane. The spacecrait generates
a set of finng commands for the north/south thrusters from
solutions to inclination control and roll/'yaw momentum
dumping equations, and the spacecrait fires the thrusters
according to the firing commands.
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The features, tunctions, and advantages of the present
embodiments can be achieved independently in various
embodiments or may be combined 1n yet other embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

The embodiments of the present system and methods for
simultaneous momentum dumping and orbit control will now
be discussed 1n detail with an emphasis on highlighting the
advantageous features. These embodiments depict the novel
and non-obvious system and methods shown 1n the accom-
panying drawings, which are for illustrative purposes only.
These drawings include the following figures, 1n which like
numerals indicate like parts:

FIG. 1 1s a front perspective view of a geostationary satel-
lite orbiting the Earth;

FIG. 2 1s a rear elevation view of a geostationary satellite
orbiting the Earth, 1llustrating one embodiment of the present
system and methods for simultaneous momentum dumping
and orbit control;

FIG. 3 1s a top plan view of the geostationary satellite of
FI1G. 2; and

FIG. 4 1s a left side elevation view of the geostationary
satellite of FIG. 2.

DETAILED DESCRIPTION

In describing the present embodiments, the following sym-
bols will be used:

Eccentricity(e) Vector:

>=Q+tan"" (tan(m)cos(i))

h,=e sin(X)

k,=e cos(Z)

Inclination(1) Vector:

h,=s1in(1) sin £2

k,=s1n(1) cos £2

(2=right ascension of ascending node
m=argument ol perigee
[=1=1nclination of the orbit

2
i PEﬂGdNﬂmimi M

mean drift rate =

(L=S€mi-major axis

Period,, =nominal orbital period of the desired orbit

v

syrchronous

simehronows—aistance from center of the Earth at geosynchro-
nous orbit

miiricel

=orbital velocity at geosynchronous orbit

AV —magnitude of the delta velocity for i maneuver
t.=direction cosine of AV, along orbit tangential direction
n~=direction cosine of AV along orbit normal direction

r=direction cosine of AV, along orbit radial direction
A =applied delta velocity right ascension

AV, =minimum delta velocity required for change of argu-
ment of latitude (*mean longitude)

AV ,.—mimimum delta velocity required to control mean
semi-major axis (*longitudinal drift)

AV g =minimum delta velocity required to control mean K,
AV g =minimum delta velocity required to control mean H,

AV . =minimum delta velocity required to control mean K,
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4

AV gz =minimum delta velocity required to control mean H,
*For geosynchronous orbit

To control orbait, the size(s) (AV) and location(s) (A) of the
maneuver(s) that can correct the orbit must be found. The
basic control equations for driit and eccentricity control are:

Z AVir; = AV
=12

D AVi(2iicos); + risind;) = AV,
i=1,2

Z AV;(21;8ind; — ricosd;) = AVy,
i=1,2

And the basic control equations for inclination control are:

‘&‘VSHS cOS }\.«3 :ﬂ.VKZ

AVBH_} Siﬂ }‘../3 :&VHZ

Under some circumstances, a set of three burns may be
used to control the longitudinal drift rate, eccentricity [K,
H, |, and inclination [K, H,] for a satellite 1n near geo-station-
ary orbit. From the equations and symbols above, then:

Z AVir; = AV,
i=1.3

Z AVit, = AVgin
i—1.3

Z AV;(21;c08; + rsind;) = AV,
i=1.3

Z AV;(2z;sind; — ricosd;) = AVy,
=13

Z AV:n;cosA; = &VKZ
i=1,3

Z AVinsind; = AVy,
i=1.3

Under some circumstances, however, the longitude equa-
tion above may not be used. For example, after orbit initial-
1zation the satellite 1s at the nominal longitude location. Then
only the longitudinal drift may need to be corrected 1n order to
keep the longitude error to within a desired range, such as, for
example £0.05°. Therefore, the remaining five equations
form the basis for the maneuver calculation. In some situa-
tions these equations cannot be solved analytically. However,
careful choices regarding, for example, thruster locations and
orientations and satellite configurations can simplity their
solutions.

Propellant consumption 1s sometimes the primary concern
for chemical propulsion systems. Therefore, station-keeping
thrusters may be configured specifically either for north/south
(1nclination control) or east/west (driit and eccentricity con-
trol) maneuvers with minimal unwanted components. Under
these conditions the set of equations above becomes:

AVir; = AVyup
i—1.2

QE(QIECGSA,E + FjSiMj) = &VKl
i=1,2
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-continued

Z ﬁVg(QI;Sinﬂ; — FI'CDSA,,_') = &VHI
i=1,2

A Vgﬂg CDS/IE; =A VKZ

A Vg Flg, Sng =A VHZ

with the first three equations above controlling drift and
eccentricity and the last two equations controlling inclina-
tion.

For maneuver planning, the size(s) (AV) and location(s)
(M) of the burn(s) that can correct the orbit according to the
selected control strategy must be found. For a given AV, »
and [AV .., AV, ], one can solve for the two sets of AV’s and
A’s analytically by reformulating the equations for drift and
eccentricity control:

QVEI}' = &Vdﬂﬁﬁ v, (21‘1 CDSJLI + Fy Sil]xll) +
i=1,2

AV> (2 cos(Ay — AA) + rosin(A; — AA))

= AVKI AVi(2rs1nA; — rycosdy ) +
AV> (2 sin(d; — AA) — rrcos(A] — AA))

= AVy, =24V riAVyrpsinAd —4AV 11 AV, rrcosAA —
BAV 11 AVo b s1nAA + 4AV ri AV hcosAA

=

where A, = A; — AA

In the equations above there are four possible solutions for
AV, AV, A, and AA;

AV,

1 @[16&1{1##?[%[% +4&Vdﬁﬁt%r§ N &Vdr{frrlzr% +4&Vdﬂfrér% _Iz] 3
o VAB VAB VAB
2 2
(473 + r%)(ztﬂ P 22 fz]
va VA
@(16&Vdﬂﬁﬁé +4£‘Vd“ﬁﬁr§ + AVarrirs +4&Vdﬁﬁérf +I‘2]
VAB____AB___VAB____VaB
[%Il Ilr%
(415 + rz)(ﬂr— + - IZ]
T A
)
@[16ﬁvd”ﬁ[%[% +4&Vdﬂﬁl‘%r§ N &Vdr{frr%r% +4&Vdﬁlﬁl‘%r% +f2]
VAB____VAB___AB____VaB
) 2
(415 + rf)(ﬂr% + 32 +f2]
A A
ﬁ[m&l’hﬂﬁﬁé +4&Vdﬂﬁﬁ% + AVarg 173 +4&Vdﬁﬁér% —fz]
o JAB VAB VAB
Z'%Il Ilr%
(413 + rz)(ﬂr— + * IZ]
| T A J

_ 2 2 2 2 2.2
A =48 r5 + 41 + rirs + 161513

B =4fAVh +4fAVE +r{AVE +r{AVj
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-continued

( —A Vdﬂﬁ(ﬁlﬁ Vdﬂﬁr% + F% —1I \{E) WI

5 Ilf‘%
45 +r)ld— + — - 1>

VA VA

—A Vdﬁﬁ (4& Vdﬁffl% + F% +1 \{E)

151

sy 43

415 + 2(4—+
(423 + 1) NTY

VA

AVai(A8V it + 13~ VB )

)

151
(415 + r%)(ﬂrz—l +

VA

IIF%

VA

Avdﬁ'ﬁ (4ﬁ Vdﬁﬁﬁ + F% + 11 \{E)

4+ Iz]

T%fl

VA

.,

A= 43‘%}’% + 4rfz§ + r%r% + 16{%1%

B=4rfAVy +A4AVE, +riAVE +riAVy

{

llz*{

'

ﬁl:%

. ) Ilr%
4 +r|ld— + — +1,
/

VA

(FIQVKI + 23‘1&1”]—;1 ZILQVKI _FIQVHI ] WI
atan? \{— ; \{_
B b
( FlﬁVKl + 21‘1&1/,!-;1 2f1&VK1 _rlﬁle ]
atan?| — \(_ s \{—
B b
(FI&VKI +2IIQVH1 21‘1&1”;(1 _rlﬁle ] |
atan? \/_ : \{—
B b
( FlﬁVKl + 23‘1&1”]—;1 QII&VKI _rlﬁle ]
atan?| — s
VB VB ;

( 2ty —1 + 4it )
atanQ( (121 H“'z)j Fiio 12]
VA VA
2trry —1 + 41
atanQ( (12r) 15“‘2)5 Fir 12]
VA VA
\
. 2(2(&?2!‘1-3‘1!"2) F1F2+4I1I2]
atan , —
VA VA
( Q(IEFI—Ilrz) 11 +4I1I2]
atan?| — , —
k VA va o/,

The solution to the above equations that provides the mini-
mum AV, and AV, 1s the most advantageous choices since

smaller velocity changes generally consume less fuel than
larger velocity changes, and since smaller velocity changes
have less potential to create unwanted disturbances in the
satellite’s orbit as compared to larger velocity changes. How-
50 ever, the solution becomes mmvalid if either AV, or AV, 1s less
than zero, which occurs when the magnitude of AV,
approaches the magnitude of [AV ., AV, ]. In these situa-
tions the formulation for one maneuver can be used, and one
set of AV and A control both the drift and eccentricity:

AV, ¥i
Mﬁ _ drift
1)
l(&b’ﬂrlﬁvhrl +&V1r1&VKl ]
A =tan
QV12I1QVK1 —&VlrI&VHl

According to the equations above, the size of the burn 1s
dictated by the driit correction while the location of the burn
1s determined by the direction of the eccentricity correction
|[AV ., AV, ] and the 1n-plane components of the thrust vec-
tor [t, r,]. Since AV, . does not necessarily have the same
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magnitude as [AV ., AV, ], the one maneuver solution may
result in either under correction (undershoot) or over correc-
tion (overshoot) of the eccentricity perturbation. In such
cases, the difference can be corrected in the next control

cycle. For a given inclination correction [AV .., AV ,,,], the
solutions for AV and A are very simple:

AV = \JAVE, +AVE

AV,
AV, = —
13

AV AV
Az = atanQ( e > ]

AV, ’ AV,

According to the present embodiments, 1t 1s possible to
perform simultaneous momentum dumping and orbit control.

MZ AVit; = MAV 30

MZ AV;(2r;cosd; + rysind;) = MAVg,
MZ AV;(2g;sind; — ricosd;) = MAVy,
MZ AVin;cosA; = M&VEZ

MZ AVimsind; = MAVy,

5

10

15

AH = Z 7O F AL

Benefits achieved by the present embodiments include a
reduction in the number of maneuvers needed to maintain
station, increased efficiency 1n propellant usage, reduction 1n
transients, tighter orbit control, which has the added benefit of

reducing the antenna pointing budget, a reduction in the num-
ber of station-keeping thrusters needed aboard the satellite,
climination of any need for the thrusters to point through the
center ol mass of the satellite, thus reducing the need for
dedicated station-keeping thrusters, and the potential to
enable completely autonomous orbit and angular momentum
control.

In the present embodiments, since the equations for orbit
control are 1n the orbit frame, the momentum dumping
requirement 1s computed 1n the same frame:

AH=momentum dumping requirement (vector) in orbit
frame

AH rer—momentum dumping requirement (vector) 1in
Earth—Centered Inertial frame

p—

R =lever arm (vector) about the c.g. for the i” thruster in
spacecrait body frame

F:.::thrust vector for the i” thruster in spacecraft body
frame

At.=on time for the i” thruster
Cornir e c—transtormation matrix from orbit to ECI frame

Chouar 10 orpi-—transtormation matrix from spacecraft body
to orbit frame
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—_—

¥i = Cpody 1o Orbit K

—_— RN

I = Ciody 1o omitF'i

AH = Z PR T AL

AHEcr = Comit 10 ECIAH

Using the equation for impulse,

?(impulse)z
? (thrust)Az(ontime )=M{(spacecraft_mass)A
? (delta_velocity),

the equations for momentum and orbit control can be refor-
mulated 1into more convenient forms by multiplying the orbit
control equations by the spacecraft mass, which changes very
little for small burns:

. Z ﬁrangfnria.‘f&ﬁ _ Apdr{ﬁ

i

9 tangential A radial AL = AP

_}Z(f‘ cosd; + f; S1 ;) i = Ak,

]

t tial . dial

R Z (Zﬁ angentia 811]/1,_' _ f;_mr 1d CGS{Ij)&IE — &PHI

i

- Z (fromalensd AL = APk,
> ) (fFmelsind AL = APy,

> AH = ) 73P,

There are eight equations above, five for the orbit control
and three for the momentum dump. Accordingly, the equa-
tions require eight unknowns for their solutions. However,

since the orientation of AH (the momentum vector in the orbit
frame) varies with orbital position of the spacecrait, closed
form solutions to the eight equations above can be found by
coupling the momentum dumping with orbit control 1n spe-
cific directions. For example, coupling the momentum dump-
ing with drift control yields the following simple algebraic
equations:

tangential
Z f; Ar = &Pdﬂff
]

AH = ) #®P,

And coupling the momentum dumping with inclination con-
trol yields the following equations:

VAP, +APy, = AP,

Z fromalar = AP,

AH = Z 7P,

Either set of equations above requires just four unknowns
for their general solutions. For a satellite with fixed thrusters,
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the unknown can be chosen as the on time of the thrusters.
Therefore, the momentum dumping and the selected orbit
control can advantageously be accomplished by firing thrust-
ers without the need to mount the thrusters on gimbaled
platforms. The momentum dump can be performed in con-
junction with drift control, or 1n conjunction with 1nclination
control, or a combination of both.

By solving for the location of the maneuver, the complete
solution for the momentum dump and inclination control can
casily be obtained from the following equations:

JVAPL +APY, = AP,

&PHZ &PKZ ]

flncinﬂion: tan? ’
Inclination = & (M’, AP,

o .
AH = Coupi 10 EciAHEC

#

Z FOF A = AH

i

Z fromaAL = AP,

where

AH=momentum dumping requirement (vector) in orbit
frame

AH er—momentum dumping requirement (vector) in
Earth—Centered Inertial frame

APy =spacecraft mass X minimum delta velocity required
to control mean K,

AP, =spacecraft mass X minimum delta velocity required
to control mean H,

p—

R =lever arm (vector) about the c.g. for the i” thruster in
spacecrait body frame

Fl#hrust vector for the i” thruster in spacecraft body
frame

At.=on time for the i” thruster
A

rclination

=location of the maneuver
ECI

Cornir 7o ec/transformation matrix from orbit to
frame, rotation matrix about the Z by A

Inclination

Chouar 10 orpi—transtormation matrix from spacecraft body
to orbit frame

JE 'y

¥i = Cpody 1o orbit K

—_—

i = Chody 1o 0t
i frangfnﬁa! T
i

f‘ radial
i

fnm?na!
i

— thrust vector for the i thruster

1
g
I~

Since the maneuver to control the dritt 1s mndependent of
location, the complete solution for the momentum dumping
and drift control can be obtained from the following algebraic
equations:
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tangential
§ Ifi Ar = ﬁPDﬂlﬁ‘
]

Z FRF Aty = AH

i

where

AH=momentum dumping requirement (vector) in orbit
frame

APp,.s=spacecraft mass X minimum delta velocity
required to control mean Drift

—

R =lever arm (vector) about the c.g. for the i” thruster in
spacecrait body frame

F:.:thrust vector for the i” thruster in spacecraft body
frame

At.=on time for the i”” thruster

C s o mer—transtformation matrix from orbit to ECI frame

Choar 10 orpirtranstormation matrix from spacecratt body
to orbit frame

¥i = CBody 10 Orbit Ri

I = Ciody 10 omitF'i
i frangenria.! ]
i

fmdimf
i

f_nﬂnna!
- Ji

— thrust vector for the # thruster

[
Naga 8
I~

By placing the drift maneuvers 1n the locations determined
by the drift and eccentricity control equations, the momentum
dumping can be performed 1n conjunction with the eccentric-
ity control. For one maneuver drift and eccentricity control,
A can be found by simple iteration (or root searching

Eccentricity

method) of the following equations:

Pmdia! — Z ﬁmdia!&ﬁ
]

2APp,i APy, + PP4 AP,
Zﬁpgﬂ'ﬁﬁpﬁl — Pm‘im'{ﬁphrl

— —1
AEcﬂEnrriciry = tan [

o .
AH = Coupir 10 EciAHECH

> #&F A = AH

j
tangential
Z ﬁ Ar = ﬁPDH'ﬁ‘
]

where

AH=momentum dumping requirement (vector) in orbit
frame

AH ~c—momentum dumping requirement (vector) 1n

Earth—Centered Inertial frame

APz =spacecralt mass X minimum delta velocity required
to control mean K,

AP =spacecratt mass X minimum delta velocity required
to control mean H,
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AP, . =spacecraft mass X minimum delta velocity
required to control mean Drift

p—

R =lever arm (vector) about the cg. for the i’ thruster in
spacecrait body frame

F:.:thrust vector for the i” thruster in spacecraft body
frame

At.=on time for the i”” thruster

AEccensricin,—10Cation of the maneuver

Conir ro me—transtormation matrix from orbit to ECI frame
rotation matrix about the Z by A, .. .

Choar 10 orpir—transtormation matrix from spacecratt body
to orbit frame

¥i = CBody 10 0rbit Ri

I = Chody 10 omitFi

i fmngfnria.! ]
]

f‘ radial
!

fﬂﬂf?ﬂﬂ!
!

— thrust vector for the i** thruster

1
Tk
-2

The solution for the two-maneuvers eccentricity control

can be used in conjunction with the equation for momentum
and driit control to obtain the complete solution for momen-
tum dumping and two maneuvers drift/eccentricity control:

—radal | — adial
> 7= 5 7

=12 =12

—tangential , — angential
2 T AL = ) P = APy

j=1,2 =12
(QPrlangenﬁasmSll N Pflﬂdia.!sinfll) +

(2 P;angmrfmms( Ay — AQ) + PEdialgin(y, — 5/1)) = APy,

(2 leangemmfsi Ay — P;lﬂdfafms/ll) +

(2 P;angmrfazsm( AL — AL) — Pgadiaicﬂs(ll _ ﬁl)) — A P,
_ ppredial pradial G Ay _ 4 Prlangemfax pradial s AQ —

2 Prlangemfa.f Px‘zangemia.! SinAL + 4 P;lﬂdia.f Prz-:mgfnﬂﬂ! cosAAL = 0
Ar = A — AA

AHEc; = Z AHgcq
/

ﬁﬁj = Corpir 0 ECI (lj)ﬁﬁf«:c;, j

tangential __ pfangential
> i Ar; ;= P
]

i

—_—h
.

Vi i = Ciody 10 omit Ri

tangential 7
Ji.j

ra radial

Ji.; = CBody to omitFi j = ;

{
ﬁir_'}}'?ﬂﬂ

1=1, 2 index for the maneuvers
i=index for the i thruster

The four sets of equations above (momentum dumping and
inclination control; momentum dumping and drift control;
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one maneuver driit and eccentricity control; and two maneu-
vers driit and eccentricity control) can be performed indepen-
dently, or 1n various combinations with one another. Example
combinations mclude momentum dumping and inclination
control with one maneuver driit and eccentricity control, and
momentum dumping and inclination control with two maneu-
vers drift and eccentricity control. Under certain circum-
stances, momentum dumping and drift control may be per-
formed i1ndependently in order to maintain the satellite’s
longitude. For orbits that typically do not require control of

inclination, such as, for example, satellites designed for geo-
mobile communications, either one maneuver drift and

eccentricity control or two maneuvers driit and eccentricity
control may be used to control the orbit drift and eccentricity.
Note that the one-maneuver/two-maneuver suggestion
applies throughout the document.

Using the equations described above for simultaneous
momentum dumping and orbit control, substantial benefits

can be achieved. For example, the number of maneuvers
needed to maintain station can be reduced. Also, station-

keeping maneuvers can be performed with a single burn. Each
ol these benefits contributes to increased efficiency 1n propel-
lant usage, which in turn extends the satellite’s lifespan. If
desired, single station-keeping maneuvers can be broken into
segments, or pulses, which can be spaced out over multiple
burns. In such embodiments, the pulses can be separated by
lesser time intervals as compared to prior art methods. For
example, the elapsed time between pulses may be on the order
of minutes, rather than hours, and may even be less than one
minute.

The present system and methods also enable tighter orbit
control, which has the added benefit of improving antenna
link margins. Because station-keeping maneuvers can be per-
formed with single burns, or with closely spaced pulsed
burns, transients are reduced. The satellite 1s thus more likely
to be on station, even between pulses. Station-keeping
maneuvers can also be performed with a reduced number of
station-keeping thrusters aboard the satellite. For example,
some maneuvers can be performed with as little as three or
four thrusters.

The present methods also eliminate the need for the thrust-
ers to point through the center of mass of the satellite, which
in turn reduces the need for dedicated station-keeping thrust-
ers. In certain embodiments, however, some thrusters may
point through the center of mass. The present methods can
also be performed with thrusters that are not pivotable with
respect to the satellite, which reduces the complexity and cost
of the satellite. In certain embodiments, however, some or all
thrusters may be pivotable with respect to the satellite. For
example, the thrusters may be mounted on gimbaled plat-
forms.

The present system and methods of simultaneous momen-
tum dumping and orbit control also facilitate completely
autonomous orbit and angular momentum control. Satellites
are typically controlled from Earth, with station-keeping
commands transmitted from Earth to the satellite. The present
methods, however, facilitate elimination of the Earth-bound
control center. The satellite itself may monaitor its position and
trajectory, generate station-keeping commands on board, and
execute the commands, all without the need for any interven-
tion from Earth.

While the system and methods above have been described
as having utility with geosynchronous satellites, those of
ordinary skill in the art will appreciate that the present system
and methods may also be used for orbit control and momen-
tum dumping in satellites 1n non-geosynchronous circular
and near circular orbits. For example, the present system and
methods may also be used for satellites 1n non-geosynchro-
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nous low Earth orbit (altitude from approximately 100 km to
approximately 2,000 km) and or medium Earth orbit (altitude
from approximately 3,000 km to approximately 235,000+
km).

While the sets of equations described above are usetul for
general configurations and for finding optimal designs for
specific systems, a faster and more stable solution can be
found 1 the system 1s configured to allow the following com-
binations of orbit control and momentum dumping: inclina-
tion control with roll/yaw momentum dump, and drift and
eccentricity control with pitch momentum dump. In certain
embodiments of the present system and methods, one or the
other of the foregoing combinations of orbit control and
momentum dumping may be used for station-keeping. In
other embodiments, both of the foregoing combinations may
be used.

In one embodiment, inclination control 1s performed
simultaneously with roll yaw momentum dumping where the
spacecrait 1s configured with a plurality of north/south thrust-
ers having negligible thrust components 1n the x-z plane. In

this system, the pitch component of the change in momentum
(AH) can be 1gnored, and the number of control equations are
reduced to three:

D fremeAL = APy

i=1,3

Z (rjzfig - F?f;-z)ﬁﬂ — ﬁHFﬂH

i=1,3

> A A = AH,,

i=1,3

where

AP ~=spacecrait mass X minimum delta velocity required to
control mean inclination

AH _,~=roll momentum dumping requirement in orbit

frame

AE?aw:yaw momentum dumping requirement in orbit

frame

f, rngential_f 1 —tangential component for the i” thruster

fredal—f 2—radial component for the i” thruster

f77ormal—f 3—normal component for the i thruster

r,'=x component of the lever arm for the i”” thruster

r*=y component of the lever arm for the i” thruster

r°=z component of the lever arm for the i thruster

At =on time for the i”” thruster

The above set of three equations requires only the firing of
three north/south thrusters for general inclination control and
roll/yaw momentum dumping. For typical systems with four
north/south thrusters, a set of three thrusters can be selected to
mimmize the total thruster on time to save fuel.

In another embodiment, drift and eccentricity control are
performed simultaneously with pitch momentum dumping
where the spacecrait 1s configured with a plurality of east/
west thrusters having negligible thrust components out of the
x-z plane and allowing production of only pitch torque. In this

system, the number of equations are reduced to two:

tangential
E | ﬁ Ar; = &PDHTI‘
i=1,2

Z (Filfiz — Fz'zf;'l)ﬁri — &Hpirch

i=1,2

10

15

20

25

30

35

40

45

50

55

60

65

14

where

AP, s—spacecratt mass X minimum delta velocity
required to control mean longitudinal driit

AH;,.,=pitch momentum dumping requirement in orbit
frame

f ramgennial_f I —tangential component for the i thruster

f7a@tal—f 2—radial component for the i’ thruster

f7ormal—f 3—normal component for the i” thruster

r,'=x component of the lever arm for the i”” thruster

r,*=y component of the lever arm for the i”” thruster

At.=on time for the i” thruster

The above set of two equations requires only the firing of
two east/west thrusters for general drift/eccentricity control
and pitch momentum dumping. For typical systems with four
cast/west thrusters, a pair of thrusters can be selected to
minimize the total thruster on time to save fuel. Since the
pitch torque 1s (almost) independent of the transformation
between the Earth-centered inertial frame (ECI) and the orbit
frame, the solutions for the drift and eccentricity control can
be used directly without the need for iterations and the com-
putation process can be simplified.

FIGS. 2-4 schematically 1llustrate a spacecrait 20 config-
ured according to one embodiment of the present system and
methods for simultaneous momentum dumping and orbit
control. FIG. 2 1s a rear view, 1n which the spacecraft 20 1s
positioned between the viewer and Earth. The relative loca-
tions of the spacecraft 20 and Earth are as indicated 1in FIGS.
3 and 4.

The spacecrait 20 includes a spacecraft body 22, a plurality
of north/south thrusters 24 and a plurality of east/west thrust-
ers 26. In one embodiment, the spacecraft 20 includes a
minimum of four north/south thrusters 24 and a mimimum of
two east/west thrusters 26. However, those of ordinary skill in
the art will appreciate that any number of thrusters may be
used. The illustrated spacecrait 20 further includes a plurality
of axial thrusters 28, which are not relevant to the present
application, but which may provide auxiliary support to the
other thrusters.

In the 1llustrated embodiment, all four north/south thrust-
ers 24 are located on the north face 30 (FIG. 2) of the space-
craft body 22. In alternative embodiments, the north/south
thrusters 24 may all be located on the south face 32 (FIG. 2)
of the spacecrait body 22, or they may be split between the
north and south faces of the spacecrait body 22. For example,
two north/south thrusters 24 may be located on the north face
30 and two on the south face 32.

With reference to FI1G. 3, the north/south thrusters 24 are
arranged about the spacecrait 20°s center of mass (CM) 34.
Further, with reference to F1G. 2, each north/south thruster 24
1s oriented such that 1ts direction of thrust is parallel to the
spacecrait body’s y-axis 36. This orientation produces a neg-
ligible thrust component 1n the x-z plane. This direction of
thrust for the north/south thrusters 24 makes them suited for
use 1n simultaneous inclination control (north/south station-
keeping) and roll/yaw momentum dumping.

With reference to FIG. 3, in the illustrated embodiment,
two east/west thrusters 26 are located on the east face 38 of the
spacecrait body 22 and two east/west thrusters 26 are located
on the west face 40. With continued reference to FIG. 3, the
cast/west thrusters 26 are arranged about the spacecrait’s CM
34. Further, each east/west thruster 26 1s oriented such that its
direction of thrust 1s perpendicular to the spacecraft body’s
y-axis 36 (FIG. 2). This orientation produces a negligible
thrust component out of the x-z plane. This direction of thrust
for the east/west thrusters 26 makes them suited for use 1n
simultaneous driit and eccentricity control (east/west station-
keeping) and pitch momentum dumping.
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With reference to FIG. 2, the spacecrait’s CM 34 1s roughly
in the same plane defined by the net thrust of the east/west
thrusters 26. Further, with reference to FI1G. 3, the position of
the spacecrait’s CM 34 travels approximately parallel to the
spacecralt body’s z-axis 42 over the spacecrait’s lifetime and
1s within the boundary 44 defined by the north/south thrusters
24. Similarly, the CM 34 also lies within the boundary defined
by the axial thrusters 28. These features allow the thrusters to
apply the appropriate amount of torque about the CM 34 to
dump the momentum. Furthermore, angular control authority
decreases as the CM gets close to the boundary, and thus
increases fuel usage. If the CM were to cross the boundary,
there would not be control authornty every day of the year at
the optimal dump location.

In certaimn of the present embodiments, the north/south
thrusters 24 and the east/west thrusters 26 are located and
s1zed so that the change 1n velocity (AV) resulting from roll/
yaw momentum dumping exceeds the requirements for incli-
nation control only occasionally. Under these circumstances,
north/south thrusters 24 need only be provided on one of the
north and south faces 30, 32 of the spacecrait 20.

The thruster layout and the motion of the spacecraft CM in
the present embodiments ensure that unintended effects on
components of spacecrait control are small and can be cor-
rected by subsequent station-keeping maneuvers. Unin-
tended effects include east/west motion and pitch momentum
from the firing of the north/south thrusters 24, and north/south
motion and roll/'yaw momentum from the firing of the east/
west thrusters 26. These effects can be treated as transient and
are within the tolerance of the system. In certain other
embodiments, disturbances meet interface requirements to
permit operate-through maneuvers. In other words, the
present embodiments enable full control of both orbit and
momentum.

As illustrated above, the present embodiments achieve sig-
nificant advantages over prior art systems and methods for
station-keeping. For example by configuring the thrust vec-
tors to minimize the cross coupling between the 1in-plane (x-z
plane) and out-of-plane components, a simple and robust
method for simultaneous momentum dumping and orbit con-
trol 1s achieved by dividing the objective 1nto two parts. The
first part combines north/south (inclination) control with roll/
yaw momentum dumping, and the second part combines east/
west (drift and eccentricity) control with pitch momentum
dumping.

The present embodiments also reduce the number of sets of
thrusters needed for station-keeping. Some conventional sys-
tems use separate thruster firings for orbit control and
momentum dumping. They require three sets of thrusters: one
set for momentum dumping, one set for north/south orbit
control, and one set for east/west orbit control. The present
embodiments achieve both orbit control and momentum
dumping simultaneously and only require two sets of thrust-
ers. And none of the thrusters needs to be mounted on a
gimbaled platform.

For many orbital spacecrait, the dominant momentum per-
turbation 1s the overturning torque from the solar panel due to
solar radiation pressure. The solar panels 46 (FIG. 4) are
typically located on the north and south sides of the spacecraft
20 and rotate about the y- (pitch) axis of the body to track the
Sun. In the present embodiments, by orienting the north/south
thrusters 24 so that they create negligible thrust components
in the x-z plane, the effect of the thruster firing to dump the
roll/yaw component of the momentum can be used effectively
tor north/south orbit control with minimal disturbance to the
east/west orbit motion. Further, since the orbital location of
the firing 1s pre-determined by the orbit control requirement,
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the calculation of the burn plan 1s greatly simplified and the
solution can handle more variation 1n system performance.

Similarly, by orienting the east/west thrusters 26 to point
perpendicularly to the y-axis 36 (north/south direction) of the
spacecrait 20, the pitch component of the momentum dump-
ing requirement can be accomplished during the thruster fir-
ing for the east/west orbit control. Since the pitch component
remains mostly constant with variations in orbit location, the
calculation of the burn plan 1s also greatly simplified.

The present embodiments enable the spacecrait 20 to per-
form autonomous orbit control and momentum dumping. At
the same time, the present embodiments reduce propellant
consumption, reduce the amount of thruster firings, reduce
disturbance torque due to thruster firings, and handle large
variations of spacecralt mass properties throughout 1ts opera-
tional life.

Under certain conditions, for example when the satellite 1s
station-kept at longitude with high longitudinal acceleration
and relatively small solar radiation force, one pair of thrusters
may be suilicient for the simultaneous driit/eccentricity con-
trol and pitch momentum dump. Also, the thrusters used for
the simultaneous drift/eccentricity control and pitch momen-
tum dump do not have to be mounted on the east or west side
of the spacecratt. These thrusters simply have to produce the
necessary east/west thrust component for the orbit control.

The above description presents the best mode contem-
plated for carrying out the present system and methods for
simultaneous momentum dumping and orbit control, and of
the manner and process of making and using them, 1n such
tull, clear, concise, and exact terms as to enable any person
skilled in the art to which they pertain to make this system and
use these methods. This system and these methods are, how-
ever susceptible to modifications and alternate constructions
from those discussed above that are fully equivalent. Conse-
quently, this system and these methods are not limited to the
particular embodiments disclosed. On the contrary, this sys-
tem and these methods cover all modifications and alternate
constructions coming within the spirit and scope of the sys-
tem and methods as generally expressed by the following
claims, which particularly point out and distinctly claim the
subject matter of the system and methods.

What 1s claimed 1s:

1. A method of simultaneous orbit control and momentum
dumping in a spacecrait in an orbait, the spacecrait including a
plurality of north/south thrusters, the method comprising the
steps of:

generating a set of firing commands for the north/south

thrusters from solutions to inclination control and roll/
yaw momentum dumping equations; and

firing the north/south thrusters according to the firing com-

mands so that control of an inclination of the orbit and a
roll/'yaw momentum dumping are achieved simulta-
neously using only the north/south thrusters.

2. The method of claim 1, wherein the inclination control
and roll/'yvaw momentum dumping equations comprise
exactly three equations.

3. The method of claim 2, wherein the inclination control
and roll/yaw momentum dumping equations are defined as

f_nﬂrmmf ﬁﬁ' — A P,r

i

i=1,3

P 7 — 1 fRAL = AH,y
=13



US 8,439,312 B2

17

-continued
> 0P = )AL = AHg,

i=1,3

where
AP =spacecralt mass X minimum delta velocity
required to control mean inclination
AH_.=roll momentum dumping requirement in orbit

roll

frame
AHyawzyaW momentum dumping requirement 1n orbit
frame

rrtangential
4

=f '=tangential component for the i” thruster
{7 e—f 2—radial component for the i” thruster
f77ormal—f3=pormal component for the i” thruster
r,'=x component of the lever arm for the i thruster
r =y component of the lever arm for the i’ thruster
r°=7 component of the lever arm for the i’ thruster
At.=on time for the i thruster.
4. The method of claim 1, wherein the spacecrait includes
a plurality of east/west thrusters, the firing commands for the
north/south thrusters are a first set of firnng commands, and
turther comprising the steps of:
generating a second set of firing commands for the east/
west thrusters from solutions to drift and eccentricity
control and pitch momentum dumping equations; and
firing the east/west thrusters according to the second set of
firing commands so that a drift and an eccentricity con-
trol of the orbit and a pitch momentum dumping are
achieved simultaneously using only the east/west thrust-
ers.
5. The method of claim 4, wherein the drift and eccentricity
control and pitch momentum dumping equations are defined
as

tangential
Z f; &Ii — &PDHTI‘
i=1,2

Z (Filfiz — F?ﬁl)ﬁri — &Hpirch

i=1,2

where

APp,7spacecratt mass X mimimum delta velocity

required to control mean longitudinal drift

AH_,,;=pitch momentum dumping requirement in orbit

frame
frangential_f l—tanoential component for the i” thruster
fredal—f 2—radial component for the i’ thruster
frormal—f3—normal component for the i” thruster

r,'=x component of the lever arm for the i thruster
r°=y component of the lever arm for the i thruster.

6. The method of claim 1, wherein the thrusters have fixed
orientations relative to the spacecratt, such that the thrusters
cannot pivot with respect to the spacecratt.

7. The method of claim 1, wherein when each thruster 1s
fired 1t applies a force to the spacecralt, and none of said
forces points through the center of mass of the spacecratt.

8. A method of simultaneous orbit control and momentum
dumping 1n a spacecrait, the spacecraft including a plurality
ol east/west thrusters, the method comprising the steps of:

generating a set of firlng commands for the east/west

thrusters from solutions to drift and eccentricity control
and pitch momentum dumping equations; and

firing the east/west thrusters according to the firing com-

mands so that a drift and an eccentricity control of the
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orbit and a pitch momentum dumping are achieved
simultaneously using only the east/west thrusters.

9. The method of claim 8, wherein the drnift and eccentricity
control and pitch momentum dumping equations comprise
exactly two equations.

10. The method of claim 9, wherein the drift and eccentric-

ity control and pitch momentum dumping equations are
defined as

tangential
Z f; Ar = ﬁPDH.ﬁ‘
i=1,2

Z (rilfiz - r?fil)&fi =AH o

i=1,2

where
APy, s=spacecraft mass X minimum delta velocity
required to control mean longitudinal drift
AH . ,=pitch momentum dumping requirement in orbit
frame

rangential

f =f '=tangential component for the i” thruster

fredal—f 2—radial component for the i” thruster

fr7ormal—f3—normal component for the i” thruster
r,'=x component of the lever arm for the i’ thruster
r*=y component of the lever arm for the i”* thruster.

11. The method of claim 8, wherein the thrusters have fixed
orientations relative to the spacecratt, such that the thrusters
cannot pivot with respect to the spacecratt.

12. The method of claim 8, wherein when each thruster 1s
fired 1t applies a force to the spacecraft, and none of said
forces points through the center of mass of the spacecratt.

13. A system for simultaneous orbit control and momen-
tum dumping of a spacecrait in an orbit, comprising:

a plurality of north/south thrusters aifixed to the spacecraft;

and

means for generating a set of firing commands for the

north/south thrusters from solutions to inclination con-
trol and roll/'yvaw momentum dumping equations so that
control of an inclination of the orbit and a roll/yaw
momentum dumping are achieved simultaneously using
only the north/south thrusters.

14. The system of claim 13, wherein the inclination control
and roll/'yvaw momentum dumping equations comprise
exactly three equations.

15. The system of claim 14, wherein the inclination control
and roll/yvaw momentum dumping equations are defined as

D fremelAL = APy

i=1,3

Z (rjzf? — F?ﬁz)ﬁﬁ — &HI“DH

i=1,3

Z (r?fil _rz'lﬁg)ﬁri — ﬁHyaw

i=1,3

where

AP~=spacecralt mass X mimimum delta velocity
required to control mean 1nclination

AH _,~=roll momentum dumping requirement in orbit
frame

AH, ,,,=yaw momentum dumping requirement in orbit
frame

frangential_f l—tangential component for the i thruster

fradial_f 2—radial component for the i” thruster
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=f*=normal component for the i’ thruster
r,'=x component of the lever arm for the i’ thruster
r°=y component of the lever arm for the i’ thruster
r°=7 component of the lever arm for the i’ thruster
At=on time for the i” thruster.

16. The system of claim 13, wherein the spacecraft
includes a plurality of east/west thrusters, and further com-
prising means for generating a set of firing commands for the
cast/west thrusters from solutions to drift and eccentricity
control and pitch momentum dumping equations so that a
drift and an eccentricity control of the orbit and a pitch
momentum dumping are achieved simultaneously using only
the east/west thrusters.

17. The system of claim 16, wherein the drift and eccen-

tricity control and pitch momentum dumping equations are
defined as

fﬂﬂrmaf
7

tangential
Z f; &Ii — &PDHTT
i=1,2

Z (rjlfiz — F?f;-l)ﬁﬁ — ﬁprIﬂh

i=1,2

where

APp, ~spacecratt mass X mimimum delta velocity

required to control mean longitudinal driit

AH . ,=pitch momentum dumping requirement in orbit

frame
frangential_f l—tanoential component for the i” thruster
7% a—f 2—radial component for the i” thruster
f77ormal—f 3—normal component for the i” thruster

r,'=x component of the lever arm for the i’ thruster
r*=y component of the lever arm for the i thruster.

18. A spacecrait configured to orbit Earth 1n a geostation-
ary orbit, and further configured to autonomously control a
position of the spacecralt relative to a fixed point on Earth,
comprising;

a spacecrait body; and

a plurality of north/south thrusters associated with the

spacecrait body, the north/south thrusters;

wherein the spacecraft generates a set of firing commands

for the north/south thrusters from solutions to inclina-
tion control and roll/'yaw momentum dumping equa-
tions, and the spacecratit fires the thrusters according to
the firing commands so that control of an inclination of
the orbit and a roll/'vaw momentum dumping are
achieved simultaneously using only the north/south
thrusters.

19. The spacecrait of claim 18, wherein the inclination
control and roll/yaw momentum dumping equations com-
prise exactly three equations.

20. The spacecraft of claim 19, wherein the inclination
control and roll/vaw momentum dumping equations are

defined as
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f;_nﬂrmmf ﬁﬁ' — A P,f

where

AP ~=spacecralt mass X minmimum delta velocity
required to control mean 1nclination

AH _,~roll momentum dumping requirement in orbit
frame

AH, ,,,=yaw momentum dumping requirement in orbit
frame

frangenfial_f l—tangential component for the i thruster

fradial—f 2—radial component for the i” thruster

fr7ormal—f3—pnormal component for the i” thruster

r.'=x component of the lever arm for the i’ thruster

r*=y component of the lever arm for the i’ thruster

r°=7 component of the lever arm for the i thruster

At.=on time for the i” thruster.

21. The spacecrait of claim 18, wherein the spacecrait
includes a plurality of east/west thrusters, and further com-
prising means for generating a set of firing commands for the
cast/west thrusters from solutions to drift and eccentricity
control and pitch momentum dumping equations so that a
drift and an eccentricity control of the orbit and a pitch
momentum dumping are achieved simultaneously using only
the east/west thrusters.

22. The spacecrait of claim 21, wherein the drift and eccen-
tricity control and pitch momentum dumping equations are
defined as

tangential
Z f; Ar = ﬁtP,‘i]hw'_;ﬁ‘
i=1,2

Z (r;l f;’z - rjzf;'l)&ri — &prl‘ﬂh

i=1,2

where
APy, 7=spacecraft mass X minimum delta velocity
required to control mean longitudinal drift
AH . ,=pitch momentum dumping requirement in orbit
frame
frangennal_f I—tangential component for the i thruster
fra%al—f 2—radial component for the i” thruster
f77ormal—f 3—normal component for the i thruster
r,'=x component of the lever arm for the i’ thruster
r*=y component of the lever arm for the i’ thruster.

G ex x = e
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